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The dominant mouse mutant extra toes (Xt) is charac-
terized by preaxial and postaxial polydactyly of the 
feet and a white belly spot. An interfrontal bone is 
present in the skull in 90% of heterozygotes compared 
with 50% of normal mice. Homozygous XtlXt embryos 
exhibit multiple skeletal defects, extreme polydactyly 
in both fore- and hindlimbs, and malformations of the 
brain and the eye (Johnson 1967; Franz and Besecke 
1991). Depending on the genetic background, Xt ho-
mozygotes die prenatally or perinatally (J ohnson 
1967). An allelic but recessive syndrome is the anterior 
digit pattern deformity mutation (add), which is the 
result of a transgene integration (Pohl et al. 1990). In 
this case the malformations of the mutants are re-
stricted to the forelimbs. Using DNA probes spanning 
the add transgene integration site, Po hI and co-
workers (1990) could show that at least 80 kbp of sur-
rounding DNA are deleted in Xt mice. 
On the basis of the similarity of the phenotype, Xt 
is considered the mouse homolog of the human auto-
somal dominant Greig cephalopolysyndactyly syn-
drome, GCPS (Winter and Huson 1988). The latter is 
characterized by polysyndactyly of hands and feet and 
mild craniofacial abnormalities (Gollop and Fontes 
1985)_ The gene locus has been pinpointed to human 
Chromosome (Chr) 7p13 by different translocations 
and deletions associated with the disorder (Tommerup 
and Nielsen 1983; Kriiger et al. 1989; Wagner et al. 
1990; Pettigrew et al. 1991; Vortkamp et al. 1991b). 
Using six hybrids from three GCPS translocation 
patients, we recently have demonstrated that the zinc 
finger gene GLI3 (Ruppert et al. 1988, 1990) is dis-
Offprint requests to: K.-H. Grzeschik 
rupted in the first third of its coding region by two of 
the GCPS translocations (Vortkamp et al. 1991a). The 
third translocation breakpoint was shown to be located 
approximately 10 kbp downstream of the expressed 
sequence. Thus, mutations of GLI3 resulting in a re-
duced gene dosage are probably responsible for the 
deVelopment of GCPS. 
To characterize the GLI3 gene in Xt mutant mice, 
we isolated different GLI3 cDNA clones from an 8.5-
day fetal mouse cDNA library (Fahrner et al. 1987), 
using segments of the human GLI3 cDNA as probes. 
The position of the mouse clones relative to the known 
human GLI3 sequence (Ruppert et al. 1990) was de-
termined by partial sequencing (Fig. la). 
The distal mouse cDNA clone, pMGli20, corre-
sponds to nucleotides 3232-4734 of the human cDNA. 
Hybridization with genomic DNA of homozygous Xt! 
Xt mice and normal control mice did not show any 
alteration in the 3' part of the gene (Fig. 1d)_ 
The proximal mouse cDNA clone pMGli11 starts 
approximately 500 bp upstream of the published GLI3 
cDNA and reaches down to nucleotide 415. The probe 
hybridizes with multiple EcoRI and PstI fragments in 
normal mouse DNA that are completely deleted in ho-
mozygous XtlXt embryos (data not shown). To further 
characterize the deletion boundary within the GLI3 
gene, we hybridized the human cDNA fragment pcr-
Gliprox (nucleotides 98-570) with genomic DNA of 
homozygous XtlXt and normal control mice. This 
probe overlaps with a 300-bp BglIIlNotI fragment 
(pMGli11BN), representing the 3' third of pMGlill, 
but reaches 160 bp further downstream. Like probe 
pMGli11BN (Fig. 1b), pcrGliprox hybridizes with an 
8-kbp PstI fragment that is deleted in the DNA of Xtl 
Xt embryos. Furthermore, two additional PstI frag-
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Fig. 1. The GLl3 gene is partially deleted in Xt 
mutants. (a) The different GCPS translocations 
GCPS·Translocations and the Xt deletion (arrows) are drawn in rela-
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GLl3·cDNA 
pMGli20 
tion to the human cDNA published by Ruppert 
and co-workers (1991). The open reading frame 
of GLI3 is indicated by an open box; the 5' end, 
not yet determined, by a broken line. The posi-
tions of the cDNA fragments used in this study 
are marked by shaded boxes. (b-d) DNA from 
two homozygous Xt/Xt embryos, a normal ( + / 
+ ) sib and the mouse tumor cell line Rag, was 
digested with PstI (b,e) and EcoRI (d) and hy-
bridized with different probes from the GLl3 
gene. (b) Probe pMGIi1IBN, a 300-bp BglII/ 
NotI fragment of pMGIil1 detects an 8-kbp PstI 
fragment that is deleted in Xt/Xt embryos. This 
fragment overlaps with the human probe pcr-
Gliprox. (c) Probe pcrGliprox reaches 160 bp 
further downstream and hybridizes with two 
additional PstI fragments that are both not al-
tered in the DNAs tested. (d) Hybridization of 
pMGli20 does not show any indication for a mu-
tation in Xt/Xt mice. Xt/Xt breeding pairs in a 
- 6 (C3HxlO1) F2 background were purchased from 
the MRC Radiobiology Unit, Harwell, UK. 
High-molecular-weight DNA was prepared 
from embryos on day 16 of gestation. Xt/Xt em-
bryos were identified macroscopically by their 
polydactyly and the malformation of the eye. 
The DNA was isolated according to the method 
of Kunkel and co-workers (1982), and Southern 
blot analysis was carried out under standard conditions (Sambrook et al. 1989). The mouse cDNA probes, pMGli11 and pMGli20, which are 
available upon request, were isolated from an 8.5-day fetal mouse cDNA library (Fahrner et al. 1987), with the human cDNA fragments 
pcrGliprox and pcrGlidist (Vortkamp et al. 1991a) as probes. 
ments of 14 kbp and 3.8 kbp are detected, both of 
which are not deleted in the XtlXt embryos (Fig. 1c). 
Thus, the breakpoint of the Xt deletion must be 
localized between nucleotides 415 and 570 of the cor-
responding human cDNA. The breakpoint is probably 
located in an intron of the GLI3 gene, as hybridization 
of EcoRI (not shown) and PstI (Fig. 1b,c)-digested Xt-
DNA showed no rearranged fragments. At present we 
do not know the size of the deletion, but it seems likely 
that the deletion region includes 80 kbp of genomic 
DNA from the add locus (Pohl et al. 1990) that was 
shown to be deleted in Xt. 
The deletion of the 5' region of the GLI3 cDNA in 
Xtl + mice prevents the formation of a functional pro-
tein product from one allele. Therefore, a reduction in 
gene dosage for GLI3 is the likely cause for the mal-
formations seen in both, the mouse Xt mutant and the 
human GCPS syndrome, confirming the homology of 
these syndromes. As the integration site of the trans-
gene in the add mutant has been localized within the 
Xt deletion, it will be of great interest to determine the 
precise physical relationship between the genomic 
GLI3 locus and the add integration site. Xt mutant 
mice exhibit a much more severe phenotype compared 
with the add mutants, leaving the possibility that there 
are additional genes in the Xt deletion region that may 
contribute to the observed phenotype. 
Acknowledgments. We thank B. Hogan for an aliquot of the fetal 
mouse cDNA library. This work was supported by a grant from the 
Deutsche Forschungsgemeinschaft. 
References 
Fahrner, K., Hogan, B.L.M., and Flavell, R.A.: Transcription of 
H-2 and Qa genes in embryonic and adult mice. EMBO J 6: 1265-
1271, 1987. 
Franz, T. and Beseke, A.: The development of the eye in homozy-
gous mutants of the extra-toes locus of the mouse. Anat Embryol 
184: 335-361, 1991. 
Gollop, T.R. and Fontes, L.R.: The Greig cephalopolysyndactyly 
syndrome: report of a family and review of the literature. Am J 
Med Genet 22: 59-68, 1985. 
Johnson, D.R.: Extra-toes: a new mutant gene causing multiple ab-
normalities in the mouse. J Embryol Exp Morphol 17: 543-581, 
1967. 
Kriiger, G., Giitz, J., Kvist, U., Dunker, H., Erfurth, F., Pelz, L. 
and Zech, L.: Greig syndrome in a large kindred due to reciprocal 
chromosome translocation t(6;7)(q27;p13). Am J Med Genet 32: 
411-416, 1989. 
Kunkel, L.M., Tantravahi, U., Eisenhard, M., and Latt, S.A.: Re-
gionallocalization on the human X of DNA segments cloned from 
flow sorted chromosomes. Nucleic Acids Res 10: 1557-1578, 
1982. 
Pettigrew, A.L., Greenberg, F., Caskey, C.T" and Ledbetter, 
D.H.: Greig syndrome associated with an interstitial deletion of 
7p: confirmation of the localization of Greig syndrome to 7p13. 
Hum Genet 87: 452-456, 1991. 
Pohl, T.M., Mattei, M.G., and Riither, U.: Evidence for allelism of 
the recessive insertional mutation add and the dominant mouse 
mutation extra-toes (Xt). Development lID: 1153-1157, 1990. 
Ruppert, J.M., Kinzler, K.W., Wong, A.J., Bigner, S.H., Kao, 
F.-T., Law, M.I., Seuanez, H.N., O'Brien, S.J., and Vogelstein, 
B.: The GLI-Kriippel family of human genes. Mol Cell Bioi 8: 
3104-3113,1988. 
Ruppert, J.M., Vogelstein, B., Arheden, K., and Kinzler, K.W.: 
GLl3 encodes a 190-kilodalton protein with multiple regions of 
GLl similarity. Mol Cell Bioi 10: 5408-5415, 1990. 
Sambrook, J., Fritsch, E.G., and Maniatis, T.: Molecular Clon-
ing: A Laboratory Manual, Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, N.Y., 1989. 
Tommerup, N. and Nielsen, F.: A familial reciprocal translocation 
